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ABSTRACT

As part of a study to determine the feasibility of
reducling the Apollo guidance computer memory to half its pres-
ent size, a simple open loop LM descent scheme was postulated
and examined. The scheme is considered minimal in terms of
capability and safety; it would require much increased crew
and RTCC participation. It has utility, however, in providing
an example against which the relative superiority and memory

cost of a simplifled explicit guidance closed loop system
could be measured.

A trajecteory was designed to follow the scheme;
final approach and landing constraints could be met, consid-
ering 3¢ altlitude errors and reasonable flight path errors at

H1 Gate. The AV cost above the current budget could be about
190 ft/second.

Many factors which might qualify the results were
not considered. No estimate of the computer word count was
made.
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INTRODUCTION

As part of the study to determine the feasibility of
reducing the Apollo guildance computer memory to half its pres-
ent size (Reference 1), a simple open loop LM descent scheume
was postulated and examined. The scheme i1s considered to be
minimal in terms of capability and safety; 1t would require
much increased crew and RTCC participation. Because of these
factors, it may be found wanting on further investigation. It
has utility, however, in providing an example against which the
relative superiority of a simplified explicit guidance closed
loop system can be measured.

BASIC SCHEME

Under the simplified open loop scheme, the LM is in-
serted into the Hohmann descent transfer orbit by firing the
descent engine to apply the necessary AV in a fixed vehicle
attitude. The AV, attitude, and time of ignition are ccmputed
by the RTCC, based on the lunar parking orbit elements and the
position of the landing site.

The ignition point for powered descent is at a fixed
range (central angle) from the landing site. There 1s a nominal
ignition time based on a pre-targeted reference trajectory. The
RTCC evaluates the transfer orbit, based on tracking and inser-
tion telemetry, and updates the ignition time and the powered
descent parameters based on a real-time retargeting, 1f necessary.

The braking phase 1s at near-full throttle thrust to
Hi Gate with constant pitch rate from an initial pitch attitude.
Minor (+3%) throttle capability is required to adjust the thrust
to the nominal, in face of thrust errors. (In the current de-
scent, the engine operates only at full throttle or below 58%
thrust. Recent investigations by MSC have explored the feasibil-
ity of adjusting the throttle to eliminate the expected +2-1/2%
thrust error.) This throttle capability requires a simple regu-
lator function in the computer.

Neglecting for the moment downrange and crossrange
errors, which will be addressed later, the major uncertainty at
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ignition is altitude, which propagates to an altitude error and
second order flight path error at Hi Gate. The criterion for

Hi Gate is a fixed total velocity magnitude. The crew monitors
the landing radar output and estimates the altitude and flight
path errors. The altitude error at Hi Gate is currently esti-
mated to be 5500 feet (3¢) based on previous MSC studies where
landing radar updates were suppressed. For this study, the
flight path angle error has been assumed to be not more than
+1°. During the last minute of the braking phase, the computer
uses a simple algorithm to determine time to go to Hi Gate and
to estimate the altitude and flight path angle at Hi Gate, using
inertial data corrected by the crew's estimate of the difference
between inertial data and radar data. To eliminate smoothing
and data handling requirements in the computer, actual radar
data is not used.

At Hi Gate the computer determines and commands the
final approach phase pitch angle and thrust acceleration. The
final approach phase has a constant flight path angle, witl. con-
stant pitch attitude, constant thrust acceleration and essenti-
ally constant look angle. Figure la shows the profile cof the
final approach phase schematically. Because altitude errors are
not eliminated by radar updates, altitude errors propagate 1into
downrange errors as shown, increasing the landing ellipse down-
range dimension from the currently estimated downrange dispersion
of 25,000 feet to 37,500 feet. Crossrange error is not affected.
The phase has nominal values of the control constants, pitch
angle and thrust acceleration, to give a look angle (angle from
the negative x body axis to the line of sight to the landing site)
of say 40 degrees (site 15 degrees above the window bottom) .

The effect of errors in altitude and flight path angle at Hi Gate
is to modify the control constants. The nominal trajectory is
chosen so that, even with maximum errors, thrust remains less
than maximum throttleable thrust and is more than
25 degrees.

Lo Gate is chosen to be at altitude 500 feet, with
horizontal and vertical velocities within the crew requirement
range. The landing phase is flown manually.

FINAL APPROACH PHASE DYNAMICS

Using a flat mocn approximation, the equations of
motion of the LM in the vertical plane are

vV = - % sin(e-y) - g siny (1)

Vy = % cos(6-y) - g cosy (2)
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where the symbols are as i1llustrated in Figure 1b.

For a constant flisht path, y = cconstant, y = 0,
so Equation (2) yieclds

[JQ
@]

T _ 0SSy
M ~ cos (6-vy) (3)

0

6-y is the complement of the look angle, so constant o gives
constant look angle and thrust acceleration.

Substituting into (1),

T o= g (-cosy tan(e-y) - siny). (4)
For constant pitch angle and flight path angle, V is also
constant. Denoting S as distance along the flight path and
h as altitude, V can be written as

vdv _ vdv

v = as - dn SinY (5)

then
g(-cosy tan(6-y) - siny) dh = V4V siny (6)
Integrating from ho, VO (Hi Gate) to hD’ VD (Lo Gate) gives

|
) =3V, - v ) siny (7)

g(-cosy tan(e-y)- siny) (ho - hD o

2

_ 2
6—y = arctan{ -tany(1l + (VO - Vg )/2%(ho—hD)) (8)

Fquations (8) and (3) yield the controls & and T/M. given the
initial Hi Gate conditions (VO, h y) and the desired Lo CGate

O’
conditions (VD, hD). For the computer, they can be written as
6= vy + arctan{—tany(l + kl/(ho‘kE))} (9)
T/M = k3 cosy/cos(6-y) (10)

where the k's are fixed computer constants.
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TRAJECTORY SIMULATION

The validity of the postulated scheme and its capa-
bility to perforn a landing within certain mandatory constraints
were tested by conducting two simulations. The constraints are:

1. The 1line of sight to the landing site should be above
the window bottom during the final apovroach phase. This means
that the look angle, 90 - (86 - y), should be greater than 25
degrees approximately, as the bottom of the window is 25 degrees
from the negative T/M axis.

2. The descent engine thrust should be less than 58%
(6090 1bs.) during the final approach phase. This means that

T/M should be less than 10.5 ft/sec2 approximately (assuming LM
weight of 18,500 1lbs. in the final approach phase).

3. The Lo Gate conditions should be within the range to
allow for a switch to manual control for the landing phase. For
a Lo Gate altitude of 500 feet, the vertical velocity should be
less than 17 ft/sec., and the horizontal velocity should be less
than 60 ft/sec. (Reference 2)

For the first simulation, the flight path angle (y)
was chosen at -15 degrees, giving a Lo Gate velocity (VD) of

65.5 ft/second (equal to 17/sin 15°). The nominal look angle
was chosen to be U0 degrees (6 - y = 50°). Hi Gate altitude (ho)

was chosen to be 9500 feet, similar to that in the current reference
trajectory (Reference 3). Hi Gate velocity (VO) was found, by

inverting Equation 8, to be 577 ft/sec. Equations (8) and (3)
were then used to determine the variation in look angle and thrust
acceleration required for 3¢ off-nominal altitudes (+1°) at Hi
Gate. The results showed that for an off-nominal descent in which
the Hi Gate altitude was 30 low at 4000 feet, the resulting line
of sight to the landing site in the final approach phase was be-
low the window bottom (look angle <25 degrees) and the thrust
acceleration required a thrust in excess of 6090 lbs. A BCMASP
(Bellcomm Apollo Simulation Program) targeting run indicated that,
for a 30 high altitude error at Hi Gate, the AV cost was about

300 feet per second greater than that for a no-errcr trajectory.

For the second trajectory, the Hi Gate altitude was
increased to 12,500 feet (intuitively) to correct the off-nominal
look angle and thrust acceleration excesses. At the same time
the flight path angle was changed (intuitively) to -20 degrees
to maintain a tolerable increase in AV cost for the 3¢ high alti-
tude case. Lo Gate velocity was 46.8 ft/sec. (= 17/sin 20°);
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Hi Gate velocity was 540 ft/sec. Nominal look angle was kept

at 40 degrees. The results are shown in Figure 2. The look
angle remains above the window bottom for all off-nominal alti-
tudes and flight path angles. The thrust acceleration only
exceeds the 6090 1b. thrust level at the lowest extreme of the
expected altitude range. (It is probable that if necessary

this constraint could be eased slightly.) The maximum AV penalty
is 295 ft/sec. above the no-error case.

FPigure 3 1is a AV summary, comparing the AV require-
ments for this descent with those in the standard AV budget
(Reference 4). The total descent budget for the latter is 7180
ft/sec. Because of the arbitrary way in which the conditions
for the postulated descent were chosen, it 1s possible that the
190 ft/sec. AV penalty could be lowered by a judicious choice
of Hi Gate altitude and flight path angle.

LIMITATIONS

This study was performed without considering many
factors which could gualify the results. Among these are digital
autopilot accurary, RCS usage to achieve the constant pitch rate,
AV required to correct for residual altitude and velocity errors
at Lo Gate, crew capabllity to monitor the descent and assess the
performance, increased landing site dimension, aborts from the
descent, and safety. No estimate of the computer word count
was made.

SUMMARY

A simple open loop LM descent scheme was postulated
and examined. A trajectory was designed to follow the scheme;
final approach and landing phase constraints could be met, even
if 30 altitude errors and 1° flight path angle errors at Hi Gate
were considered. AV cost above the current budget could be about
190 ft/sec. The scheme would require much increased crew and
RTCC participation. Many factors which mignt qualify the re-
sults were not considered.

2013-FH-wcs F. Heap

Attachments
Figures
1, 2, & 3
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